Effects of natural weathering on oleothermally treated wood and coated with an organic silicone compound were studied. Slats of beech and fir woods were cut in sizes of 20×10×1 cm. The slats were treated by soybean oil at 230˚C for 1 h. Then, the half of the untreated and oleothermally treated slats were coated with polydimethylsiloxane (PDMS) and the rest of them were considered as control. All slats were hanged in 45˚ angle at the southwest (SW) direction for 90 days. They were analyzed for color changes, roughness, and contact angle properties at 30-day intervals. Results showed that the oleothermal treatment of wood reduced discoloration of fir samples against natural weathering; however, the reducing effect was lower in the Beech samples. This treatment also reduced the surface roughness of the fir samples during weathering while it increased the surface roughness of beech. Wettability of the samples in both species, before and after weathering, was reduced by the oleothermal treatment. Results also revealed that coating of the wood surface with PDMS does not prevent the discoloration and surface roughness against weathering. Nevertheless, the coating could considerably decrease the hydrophilicity of the woods even after weathering.
INTRODUCTION
In nature, wood is constantly exposed to biological and non-biological degradation agents. Weathering is a non-biological degradation which should not be confused with damage caused by biological agents. The main factors that led to the natural weathering of wood are including sunlight (especially ultraviolet light), humidity (rain, dew, and snow), temperature, atmospheric gases, such as oxygen and pollutant gases like sulfur dioxide and nitrogen dioxide. Photons in sunlight are the most important factor in weathering. Light absorption by the wood causes the formation of free radicals and the initiation of photochemical reactions at the surface. These reactions eventually cause discoloration, and subsequently roughness and cracking of the wood surface (Feist and Hon 1984 , Feist 1990 , Anderson et al. 1991 , Williams et al. 2001 , Williams 2005 , Evans et al. 2005 . Among wood's polymers, lignin is a UVabsorbent and the others (cellulose and hemicelluloses) have very little absorption (Norrstrom 1969 , Williams 2010 . Generally, light absorbing groups in lignin include phenolic hydroxyl, carbonyl and carboxyl groups. Aromatic and phenolic units, in the presence of light, act as sites for the initiation of radical chained reactions (Hon and Shiraishi 2001) . In general, wood colour changes (DE* values) caused by weathering are directly correlated with lignin degradation rate and the formation of carbonyl groups (Pandey 2005b) . On the other hand, light cannot penetrate the wood more than 200 µm. So, destructive reactions are limited to surface of the wood Hon 1984, Hon and Shiraishi 2001) , and wood can be protected by painting or coating with similar materials. Appearance of unprotected woods changes markedly in outdoor exposure within a few months. There are two basic methods to protect wood surfaces during outdoor weathering: (1) those that form a film, layer, or coating on the wood surface, and (2) those that penetrate the wood surface leaving no distinct layer or coating. Filmforming materials include paints of all description, varnishes, lacquers, and also overlays bonded to the wood surface. Penetrating finishes include preservatives, water repellents, pigmented semitransparent stains, and chemical treatments (Feist 1989 ).
In the most cases, wood properties are related to the chemistry of the cell wall and change by changing chemistry of cell wall polymers (Rowell 2007) . Wood modification is a science that improves unpleasant properties of wood by changing its physical structure and chemical properties. Due to environmental concerns caused by some protective materials, wood modification has gained special attention these days. In general, the aims of wood modification are the reduction of moisture absorption, improving decay resistance, developing dimensional stability, increasing weathering resistance and etc (Hill 2006) . Wood modification methods are including chemical, thermal, enzymatic and impregnation treatments. In the all treatments, the rate of water absorption is reduced by eliminating or limiting hydroxyl groups (OH) and reduction of the hydrophilic parts in the polymers of cell wall's which consequently increase the biological durability and dimensional stability of the wood (Yan-Jun et al. 2002) . In recent years, many studies have been done about the weathering resistance of woods modified by chemical and thermal methods. In the field of chemical modification, Rowell 2007 indicated that acetylation reduces wood weathering up to 50%, because the acetylation protects wood against the weathering (Akhtari et al. 2007) . Also, wood thermal modification in high temperatures greatly improves the durability of the wood against the weathering (Nuopponen et al. 2004 , Ayadi et al. 2003 . Thermal treatments affect the chemical structure of wood by heating in 160-260˚C and change its physical and mechanical properties (Militz 2002) .
Modifying the surface properties of wood using non-toxic and environmental friendly materials is another method that can be used to develop wood resistance against the natural weathering. Accordingly, various nonpolar agents, such as oils, waxes, silanes or silicones have been used to achieve water resistant surfaces (Ghosh et al. 2009b) . In recent years, polydimethylsiloxane (PDMS) or silicones, as a hydrophobic agent, has gained special attention due to biocompatibility its optical and mechanical properties as well as its widespread industrial applications (Ghosh et al. 2009b) . By analogy with ketones, the name "silicone" was given in 1901 by Kipping to describe new compounds of the formula R 2 SiO (Figure 1 ). These were rapidly identified as being polymeric and actually corresponding to polydialkylsiloxanes with the formulation: The methyl groups along the chain can be substituted by many other groups (e.g., phenyl, vinyl or trifluoropropyl). The simultaneous presence of "organic" groups attached to an "inorganic" backbone gives silicones a combination of unique properties and allows their application in many fields like aerospace (low and high temperature performance), electronics (electrical insulation), health care (excellent biocompatibility) or in the building industries (weathering resistance) (Colas 2005) . Silicones or PDMS have been reported to improve hydrophobicity and dimensional stability of wood (Weigenand et al. 2007 , Ghosh et al. 2009b . Studies have also shown that the functional groups of silicones can reduce the growth of blue stain fungi and moulds on wood surfaces (Ghosh et al. 2009a ) and increase its resistance to fungal decay (Weigenand et al. 2008 , Ghosh et al. 2009a ).
The current study was aimed to evaluate the effect of oleothermal modification, as a treatment which changes the ability of PDMS coating, as a hydrophobic agent with high stability and industrial application, in protecting the surface of the oleothermally modified or unmodified woods was studied.
MATERIALS AND METHODS

Samples preparation
The slats of beech (Fagus orientalis) and fir (Abies sp.) wood species were cut into sizes of 20×10×1 cm (20 samples for each species). The samples were divided into two groups; first group without treatment and second group were oleothermally treated by soybean oil at 230˚C for 1 h. The surfaces of the samples were sanded prior to coating. Afterwards, within each group, half of the slat samples (at least five specimens) were selected randomly and coated with PDMS (polydimethysiloxane, Merck, Germany) and the next half left uncoated. At least five slats were applied within the experiments for each sub-group.
Natural weathering
In order to study the effect of natural weathering (especially effect of sunlight), slats were exposed to the sunlight hanging on racks with a 45˚ angle to the horizon at SW direction for 90 days (from midMarch until mid-June). In order to assess the effect of natural weathering on surface of the samples, colorimetric, roughness and contact angle properties were measured on the slats every 30 days intervals as explained below.
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Colorimetric measurements
Color changes of the samples were measured by a Sheen spectrophotometer equipped with a D 65 light source and a standard detector (10°). The light wave length was in a visible range of 400-700 nm. The data were collected based on ASTM 2244 in CIE L * a * b * . The CIE LAB provides a three-dimensional spectrum in which parameter L * indicates brightness in a range of 0-100. A maximum brightness as 100 indicates whiteness and a minimum brightness as 0 indicates full darkness of the samples. Coordinates a * and b * are representing axes of X and Y respectively to indicate color change from red color (+ a) up to green color (-a) in axis X and from yellow color (+b) to blue color (-b) in axis Y. The parameter ΔE was also calculated to indicate any color changes during the weathering according to Equation 1. In every measurement, 5 slats of each treatment were assayed with 4 recordings on each sample slats and results were reported as average.
Roughness analysis
A HUATEC roughness meter SRT-6200 was applied to measure roughness of the slats during the exposure time. It measures Ra and Rz parameters in a cut off path line of 2,5mm. According to Figure  3 , Ra indicates average altitudes on the wood surface (Equation 2) and Rz indicates an average of 5 peaks and 5 valleys on the wood surface along the sensor path line (Equation 3). In the present research, Ra parameter was only used to measure the roughness of the samples. The roughness was assayed in 30-day interval with 9 recording on each slat (45 replicates for each treatment). 
Contact angle evaluation
The surface hydrophobicity of the slats was also determined with measuring water contact angle by a PG-X goniometer (Thwing Albert Instrument Co, USA) before and after the natural weathering. Dynamic contact angle was determined to measure wettability of the samples against the weathering. The volume of the water droplet was 3,5 ml and measurement time was 600 s. The measurement was done 2 times on each slat surface and 10 times for each treatment.
RESULTS AND DISCUSSION
Color changes
Color parameters including L * (brightness), a * and b * for beech and fir samples of different treatments before weathering (day 0) and during the weathering (days 30, 60 and 90) are presented in tables 1 and 2, respectively. Results showed that the beech samples (L * =56,8) were initially darker than fir woods (L * =81,5). Also, both oleothermal treatment and PDMS coating increased the color factors (especially the darkness) of the samples in both species. In general, the brightness (L * ) for all treatments was reduced by weathering during 90 days of natural weathering. Nevertheless, the brightness of the beech samples increased till day 30 and then decreased until the end of the study period. Primary color of wood samples (bright or dark) affects the intensity of their color changes caused by natural weathering (Feist 1992) . At beginning of exposure to sunlight, dark woods get brighter by natural weathering and bright woods get darker. However, the color of both dark and bright woods goes toward dark gray after several months (Feist 1992) . Treatments used to protect wood surface against weathering can also affect wood color and make it darker (Tables 1 & 2) . Other studies have also showed that thermal modification of wood can make it darker (Dubey et al. 2011 , Xian-Jun et al. 2011 . Any color change due to heat treatments depends on the intensity of the treatment and wood species (Yixing et al. 1994 ) and reflects chemical changes in the wood (Todorovic et al. 2012) . Some compounds produced with thermal degradation of lignin and hemicellulose causes the color change in wood (Gonzalez-Pena and Hale 2009). Moreover, elimination or the movement of low molecular weight substances from the inside to the wood surface will change the wood color during oleothermal treatment. Ghosh et al. 2009a , also showed that different silicon solutions including PDMS caused the reduction of L * and finally the darkness of the samples.
Figures 4 and 5 show total color change (ΔE) of fir and beech woods due to the natural weathering during the study period. According to the results, the gradient of changes in ΔE value in fir samples was more than beech ones (except oleothermally treated beech wood coated with PDMS which had a relatively large color change in the first 30 days that is related to the changes observed for coordinate L * in the samples (Table 1 ). In general, the type of wood species (hardwood or softwood) as well as the amount of extractives migrated from innermost of the wood, affect the rate of photochemical reactions and the intensity of color change (Pandey 2005a) . As Pandey 2005b, explained because of differences in the structural units of softwood and hardwood especially in lignin and hemicelluloses, the color changes due to the weathering are not the same. In general, hardwood lignin termed as guaiacyl-syringyl lignin consists of coniferyl alcohol and sinapyl alcohol derived units in varying ratios; whereas in softwood lignin which is usually referred to as guaiacyl lignin, the structural elements are derived principally from coniferyl alcohol. In this research, it might also be expected that the formation of carbonyl groups during softwood lignin degradation, should be more than the hardwood lignin. According to the results shown in figures 4 and 5, it seems that oleothermal treatment of wood could more effectively improve its resistance to the color change caused by weathering in fir samples. According to the same reports, lignin is altered chemically during the thermal modification through condensation and cross-linking reactions limiting free radical formation during weathering and related reactions on wood surface. On the other hand, such structure in lignin prevents leaching and ease removal of the products caused by photochemical degradation of wood surface (Nuopponen et al. 2004 , Ayadi et al. 2003 . Moreover, degradation of lignin molecules due to the heat treatments causes to increase phenolic monomers preventing less free radical formation during weathering. Because, this phenomenon limits the reaction of oxygen and radicals (Ayadi et al. 2003) . Also, oil uptake by wood during the treatment and the formation of oil layer on the wood surface, cause to reduce intensity of color change (Dubey et al. 2010 ).
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As can be seen in all treatments, beech samples have also experienced a quite different color changes compared with the fir samples. According to table 1, coordinate L* has increased within the first 30 days for all treatments and color change has subsequently increased in the samples (Figure 4 ). It should also be taken into account that darker samples (with less amounts of L*) became lighter (higher L*) after 30 days of expoure. The same results were also observed for PDMS coated samples. The oleothermal treated samples and coated with PDMS at 1st day had less L* and after 30 days showed the most color change.
Unlike the beech samples for the fir samples, coating the wood with PDMS had no significant effect in protecting wood surface against the UV light and resistance against the color change caused by the natural weathering in the oleothermally treated samples. The same results were also reported by Ghosh et al. 2009a , who has expressed that silicone emulsions did not improve the color stability.
Roughness (Ra)
The results of the surface roughness based on Ra factor within 90 days of the natural weathering for two species of beech and fir woods are shown in figures 6 and 7, respectively. Surface roughness of beech samples (in all treatments) prior to natural weathering (day zero) was more than fir samples due to its coarse texture. In general, the surface roughness of the samples before the weathering is related to their anatomy and how they are prepared (Thoma et al. 2015) . In this experiment, machining and preparation of all samples were similar. Hence, the observed differences in surface roughness at the first day, is related to the structural differences between both species, because beech has the great vessels and fir has tracheid. This is accepted that wood surfaces due to weathering in short time period (a few months) are afoul roughness. This is important because surface roughness can influence the final coating performance of samples (Williams and Feist 1994) . Results showed that the roughness of untreated beech and fir samples increased after the first exposure time (30 days). However, after this period the observed trend changed and the roughness of fir samples slightly reduced while the surface roughness of beech wood did not change until the end of the exposure time. The main reasons for wood surface roughness are degradation of wood polymers caused by photochemical reactions and/or exit of material from wood as a result of compound leaching caused by light damage during natural weathering reactions (Feist 1982) . Absorption and desorption of moisture and change in wood dimension due to fluctuations in relative humidity of environment also cause small cracks and even gaps in the wood surface which in turn increase surface roughness (Chang et al. 1982) . As mentioned, according to the difference between structural units of hardwoods and softwoods especially lignin, it seems that the leaching of compounds caused by photochemical degradation of surface of fir samples and exposure of their internal layers against the weathering may explain their softening. As fir samples have thinner walled cells and lower density than beech samples; they might be subjected to leaching faster than the beech. Regarding the effective factors on the surface roughness of wood that appear during the photochemical reactions and dimensional changes due to the humidity, it is expected that the surface roughness of wood can be reduced by controlling photochemical reactions and creating dimensional stability. Thermal treatments (Ayadi et al. 2003, Boonstra and Tjeerdsma 2006) and the use of silicon compounds (Mai and Militz 2004) are methods that cause dimensional stability of wood. In other hand, findings of other researchers determined that wood treatment by heat can reduce photochemical reactions, degradation of wood organic polymer caused by the weathering and the exit of material from wood surface (Nuopponen et al. 2004) . Our results showed that the surface roughness of the oleothermally treated beech samples during the natural weathering (30 days period) were relatively more than the fir samples. During the next second 30 days, both species had a relatively stable trend, but at the last period surface roughness was reduced, especially in beech samples. Little information about the surface roughness of modified woods by heat against the weathering is available. Nevertheless, the observed reduction in the surface roughness of oleothermally treated woods may be related to the reduction of exit materials from wood surface due to the reduction of the rate of photochemical reactions and achieving higher dimensional stability. Also, the observed difference in the surface roughness of oleothermally treated beech and fir samples can be related to their new structure after the oleothermal treatment. Other studies also determined that weight loss due to thermal treatments in softwood samples is more than hardwood samples and this difference is related to the type and amount of their hemicelluloses. Pentosans (are found in hardwoods in a high proportion) are more sensitive to thermal treatments compared to hexosans (are found in softwoods) (Hill 2006, Kol and Sefil 2011) . More degradation of wood polymers due to thermal treatments increases the probability of the exit of their compounds against surface leaching during the natural weathering.
As shown in figures 6 and 7, the use of PDMS could not prevent increasing the surface roughness of the samples. Only oleothermally treated fir samples had good resistance against the weathering. In a similar study, Ghosh et al. 2009a evaluated the surface roughness of samples treated with different emulsions. Finally, they concluded that low concentration of emulsions could not affect the surface roughness of the woods while their high concentration could prevent from surface roughness and cracks in the surface of the samples. 
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Dynamic contact angle Contact angle of water droplets with a solid surface usually are named wettability and small contact angle will show more wettability which an indicating more surface tensions. Dynamic contact angle of water droplets with the sample surfaces, before and after the weathering, are shown in Figure 8 . The results showed that the dynamic contact angle in the surface of untreated samples of beech and fir wood decreased considerably after the weathering and reached to 0˚after a short time ( Figure 8A and B) . In other words, it can be conclude that the wettability of the untreated sample of beech and fir strongly increased against the weathering. Different structural and chemical changes that occur in wood surface in the effect of photochemical reactions during the weathering cause the reduction of contact angle and increasing the wettability of wood surface. Increased cellulose and hydroxyl groups in the effect of lignin degradation and its exit from wood surface are among the most important reasons (Kalinins and Feist 1993, Kishino and Nakano 2004) . Figure 8C and D show the wettability of oleothermally treated wood samples before and after the weathering for both beech and fir species. Comparing to the untreated samples, dynamic contact angle of oleothermally treated samples before the weathering was higher that coincides with others' results (Esteves and Pereira 2009). Petrissans et al. 2003 , explained that probably increase the crystallinity of cellulose during the thermal treatments cause increase the contact angle and the reduction of wood wettability. Hakkou et al. 2005 , also reported that natural reactions and increasing the amount of extractive materials cannot cause increasing the surface hydrophilicity. By studying CPMAS NMR and FTIR, they suggested that the increased wettability can be related to the formation of wood biopolymers due to the reduction of residual water and likely the plasticization of lignin. Hill 2006, also believed that the reduction of wettability in the low temperatures is due to the moving lipophilic extractive materials to the surface and in the high temperatures is due to the reduction of hydroxyl groups. It can be concluded that increased percentage of lignin in the surface, the degradation of hygroscopic ingredients (hemicelluloses and amorphous cellulose), and the dehydrogenation reactions occurring during the thermal wood treatments can cause to reduction of hydrophilicity and surface wettability. Change in the amount of extractive materials can be also important.
Also results presented in figure 8C and D showed that oleothermal treatment of wood at 230˚C with 1 h treatment time reduced the wettability caused by the weathering in the samples. As noted, degradation of lignin due to the photochemical reactions and followed by surface leaching in the effect of rainwater, dew and fog cause the exit of compounds created by lignin degradation from surface which increase the amount of surface cellulose (Evans et al. 2005) . Cellulose increase wood surface hydrophilicity. It seems that oleothermal treatment of wood (especially in beech samples) could prevent leaching and exit of the compounds from wood surface (Nuopponen et al. 2004) .
As mentioned in the introduction, wood treatment with silicon compounds can cause hydrophobic surface and improve the wetting properties of wood (Weigenand et al. 2007 , Ghosh et al. 2009b . Figure  8 E and F for untreated samples and coated with PDMS as wellas Figure 8G and H for oleothermally treated samples and coated with PDMS show that unlike the colorimetric test and surface roughness, PDMS could significantly reduce the hydrophilicity of wood surface. Moreover, PDMS could show good resistance against the natural weathering and treated samples with PDMS had high performance after the exposure time (90 days).
CONCLUSIONS
Exposing wood to natural weathering causes discoloration and increases its roughness and surface wettability after a short period. In this study, oleothermal treatment of wood showed that the degradation intensity of the treated woods against the natural weathering would be species dependent. After the 90 days of exposure to the natural weathering, oleothermally treated samples showed less color change than untreated samples and also the treatment of wood caused increase of the surface roughness in the beech samples and reduction in the fir samples. Moreover, the hydrophilicity and wettability of the oleothermally treated surface, before and after the weathering in both species were reduced. Coating the surface of the samples by PDMS could not affect their resistance against the color change and surface roughness due to the natural weathering while their surface wettability was considerably reduced.
